Recent advances in understanding deformation and failure mechanisms of polymermatrix composites used in rotor structures enable accurate and efficient measurement of material stiffness, strength, and fatigue characteristics based on testing small unidirectional laminate specimens.
Introduction
assessment targeting the scaling of knowledge and methods acquired at the material scale, to larger structural elements.
In particular, manufacturing defects such as ply-waviness and large porosity/voids can be prominent in Carbon/Epoxy and Glass/Epoxy thick laminates used for rotorcraft flight-critical structural components, and require integration of their effects in the failure prediction methodology. In a recent research effort, the authors have successfully developed a method based on non-destructive detection and structural finite element modeling capturing the effects of defects at the material-scale . The objective of this work is to expand the methodology to failure predictions at the structural scale.
High-resolution non-destructive evaluation (NDE) methods such as 3D X-ray microfocus computed tomography (CT) have introduced a major change in defect analysis (Refs. 7, 10) . Automatic detection of porosity/voids in composites, integrated into comprehensive structural analysis becomes feasible due to high quality of the CT scans.
Such modeling capability represents a major shift from just detection of defects to understanding their effects. Figure 1 shows an example of a composite element representing a structural detail of composite rotorcraft structures. A three-point bend flapping element is depicted. The flapping element is about 2 ft. long and ½ in. thick IM7/8552 Carbon/Epoxy laminate with voids in the critical region. The figure also shows finite element model of the composite element. Ply-waviness and voids representative of structural-scale manufacturing defects were intentionally introduced in the composite elements. It is worth noting that CT inspection results show that voids in this laminate are not a simple scale-up of the porosity defects encountered in the material coupons. Resin-rich areas and complex laminate topography around the void are among a few differences. In other words, failure prognosis for larger structures may not be a simple scale-up of the effects encountered at the material scale, and a significant effort might be required to integrate the material-scale info in larger structures as well as include the irregularities observed in the structures.
The modeling methodology is based on the non-destructive sub-surface measurements of the actual part features, including manufacturing defects, by using CT.
CT scans are used to obtain porosity distribution in different plies in order to determine plies susceptible to failure due to large porosity content. Large voids that span multiple plies lead to significant in-plane and out of-plane ply waviness. Defect locations and sizes obtained from CT scans are used to build local three-dimensional finite element models of the laminate volume around the defects. A structural analysis of the local stress fields in the vicinity of the defects is performed. Stress-based mixed-mode failure criteria for the appropriate failure modes are used to predict failure initiation without a priori assumption of the initial damage or the damage propagation path. Stress calculation is improved by using interlaminar stress recovery procedure. The element test articles are scanned after testing to verify the failure locations and the damage topography. Tested articles are scanned again by micro-focus CT to verify failure locations.
In this work, failure predictions and test correlations are presented for static and fatigue IM7/8552 Carbon/Epoxy composite flapping elements with and without manufacturing defects.
Defect Measurement
To capture volumetric porosity/void data all specimens have been scanned and their volumes reconstructed using a 225 kV micro-focus X-ray Computed Tomography system manufactured by North Star Imaging before structural tests were completed. Slices of the CT scan volume have been analyzed by the porosity detection software developed by Numerical Technology Company. The software identified and classified voids in the CT scan volume slices and calculated porosity distribution in the specimen sections. Void locations and geometries were then used in simulations by ABAQUS finite element (FE) software (Ref. 13); and ABAQUS CAE scripting allowed automatic generation of local FE models of critical voids.
To identify the topology of changes in composite material structure due to seeded defects, scans of elements made of S2/8552 Glass/Epoxy composite with a similar laminate structure to the IM7/8552 Carbon/Epoxy elements were also accomplished.
Higher contrast between Glass fiber bundles and Epoxy resin compared to the Carbon/Epoxy allows better identification of changes in ply-waviness as the distance from the defect increases, and resin pockets and voids around the seeded defect. These features demonstrate complex three-dimensional topology that requires high quality nondestructive volumetric evaluation to understand the effects of these defects on failure.
The scans of the clamped area of the Glass/Epoxy flapping specimens (Fig. 1 ) were completed at 210 kV tube voltage, 300 μA target current and the speed of 2.8 frames per second (fps) while averaging 6 frames per angle increment and using 0.06 inch copper filter on the tube. The radiographs were taken at each ¼ of a degree resulting in 1440 radiographs for the full rotation. Two specimens were bundled together in a single scan.
These CT scan characteristics were selected to allow full X-ray penetration through the specimens and maximize contrast in the reconstruction. Geometric magnification of the scan was 2X and the 3D reconstruction of the specimen had pixel resolution of approximately 2.5x10 -3 inch. The Carbon/Epoxy flapping specimens were scanned at 140 kV, 400 μA, 2.5 fps speed and 0.03 inch copper filter, at the same pixel resolution, while bundling 3 specimens in a single CT scan as the Carbon/Epoxy specimens were 33% thinner compared to the Glass/Epoxy specimens due to the thinner plies.
The volume reconstruction of a CT scan is a volumetric point cloud where each point (or voxel) contains "gray values" that ranges from 0 to 65536 and approximately represents the material density at a point. The through-the-thickness sections of the 3D volume were used for identifying void shapes, sizes and locations in the specimens, and for calculation of porosity volume distribution. Density-based contouring method (Ref.
14) was used to separate material from voids and identify void boundaries. Note that in addition to ply-waviness the local scans in the out-of-plane direction show resin pockets around voids: darker areas for Glass/Epoxy specimens and lighter areas for Carbon/Epoxy specimen, which is due to glass fibers being denser than resin and resin denser than carbon fibers. Resin pockets and occasional porosity/voids are typical between the glass fiber bundles in Glass/Epoxy sections in Figure 2 .
Porosity/voids are more common in the Carbon/Epoxy composite, as shown in Figure   3 , which also demonstrates that porosity is not uniformly distributed in the specimen.
Distribution of porosity volume through the specimen thickness was determined for Carbon/Epoxy composite flapping elements based on their CT scans. All through-thethickness section images (corresponding to 2.5x10 -3 inch thick slices) were analyzed by the porosity detection software to find porosity in the sections. Maximum section porosity in the specimen was found to reach 2% while the average volumetric porosity was around 0.5%. These measurements were used to select specimen orientation during the test such that the upper (under longitudinal compression) section of the specimen has less porosity to minimize developments of potential delaminations due to defected plies.
Structural Analysis
Structural analysis methodology presented in this work is based on the following principles:
 Material constitutive properties and failure properties are based on the measurement methods developed in Refs. 1-6 including non-linear shear stress-strain behavior in both longitudinal and transverse directions.
 Matrix-dominated failure initiation is identified using modified LaRC04 failure criterion based on the material strength and toughness properties 15 ).
 Global model analysis identifies stress concentrations assuming a pristine (no defects) specimen condition and global model displacements are used as boundary conditions for the local analysis.
 Local sub-model analysis for critical voids improves failure predictions based on the accurate modeling of stress concentration due to the detected void shape and plywaviness around the voids.
Failure Simulation by the Global Model
The global FE model used in simulations typically included one element per ply in the thickness direction and linear 8-noded reduced integration elements (C3D8R). The analysis is completed in two steps. First, a prescribed uniform displacement is applied to the top part of the bolted fixture to simulate the compression of the specimen during tightening of the 4 assembly bolts. The displacement is defined such as the applied compressive strain is equal to 150 µε, which corresponds to the average deformation obtained from the DIC strain measurements after tightening of the bolts under the nominal torque. Second, the bending load is applied to the support rollers, while fixed displacement boundary conditions are maintained for the rigid analytical surfaces representing the bolted fixture.
Prediction of failure initiation is based on the modified stress-based LaRC04 failure criterion (Ref. 8) . The global model analysis is used to identify failure in the specimens without defects and to determine the displacement boundary conditions for the local FE models of the defects.
Failure Simulation by the Local Model
A local model enables more detailed representation of the critical void geometry with appropriate mesh refinements for stress calculations. Void geometries are obtained with high degree of confidence from the CT measurements of slices in two perpendicular directions at the void location. In this work, we improved the local analysis by building a local FE mesh based on the true shape of the void identified from the CT scans. Void detection software produced points and sectional spline curves of the 3D surface of the void that are used by the local meshing code to automatically create a FE mesh of the defect. Linear 8-noded hexagonal 3D elements with reduced integration scheme (C3D8R) were used in the local FE models, with a typical total number of DOF in the 1.0-1.2M range. Displacements from the global model were applied as boundary conditions for the external surfaces of local models. The LaRC04 failure criterion applied to matrix-dominated delamination failure is used to predict failure initiation in the local models.
Detailed description of the technique used for local meshing, including high-fidelity representation of defect features extracted in the CT data, is provided in the next dedicated section.
Interlaminar Stress Recovery
Accurate interlaminar stresses are required to capture initiation of delamination using the LaR04 failure criterion. However, continuity of interlaminar stresses in laminates is typically difficult to enforce at the ply interface using the regular C 0 interpolated finite elements considered in this work, which could lead to inaccurate results. Mesh refinements in order to increase the number of elements along the ply thickness could alleviate the problem; however, this methodology is limited as considerable computational resources would be required for structural 3D analysis of thick composite laminates. The interlaminar stress recovery procedure proposed by Fagiano et al (Ref. 16 ) is simple to implement in commercial FE element codes and the authors demonstrated that good results could be obtained using relatively coarse meshes. This procedure was used in this work to improve the accuracy of the stress-based failure predictions using the LaRC04 failure criteria.
In the approach by Fagiano et al, interlaminar nodal forces at the ply interface are obtained using equilibrium and compatibility equations 0 0 0 0
where K (1) and K (2) are the stiffness matrices of the two adjacent plies, u (1) and u (2) the displacement vectors, f (1) and f (2) the load vectors, B (1) and B (2) Boolean matrices used to ensure equality of the displacements and λ are Lagrange multipliers representing nodal interlaminar forces introduced to enforce the compatibility constraints between the plies.
Once the system of equations in (1) is solved for interlaminar nodal forces λ, interlaminar stress components  are obtained using the element area matrix M
Tied-contact constraints can be used to recover interlaminar forces and stresses (Ref.
17) and a Python script was used to compute the LaRC04 failure criteria at the ply interface. Failure predictions obtained with the interlaminar stress recovery procedure are compared to predictions based on stresses calculated at element integration points, and to test data.
Local Meshing of Defect Areas
The CT data is used to build a three-dimensional structured local FE mesh of a material volume around the defects. Mesh morphing techniques are used to simplify and optimize the accurate representation of defect geometry and features, while ensuring proper mesh quality for stress analysis. Morphing has been commonly used in the computer graphic community to transform one shape into another (Ref. 18 ). When applied to the generation of a target FE mesh, morphing requires correct mapping of element connectivity, in addition to mapping of the geometry. Elements in the target mesh should not self-intersect or collapse. The Python scripting capability of ABAQUS CAE provides a convenient interface for mesh morphing, with the ability to directly edit and move the nodes of an existing orphan mesh into the target mesh. This procedure ensures that element connectivity is automatically conserved during the mesh morphing.
Linear morphing transformations were used in Cartesian and Polar coordinate systems depending on convenience of the source mesh description. The procedures for
Cartesian and Polar mesh morphing are detailed below.
Mesh morphing in Cartesian coordinates
For illustration purposes, a 2D unidirectional mesh morphing in Cartesian coordinates is considered. The objective is to define the transformation to apply to the source mesh M to generate the target mesh M', as illustrated in Figure 5 . The functions f A , f B , f' A and f' B that represent respectively the boundaries of the source and the target mesh are supposed to be known.
The linear morphing is defined as the transformation from node P into node P', such as the relative distance from node P to the boundaries f A and f B is conserved and the Xcoordinate remains unchanged (3) where (x,y) and (x',y') are the 2D Cartesian coordinates of the target node point P and the source node point P', respectively.
Note that this transformation must be continuous and bijective to avoid resulting mesh self-intersections or gaps. Such transformations are called isomorphisms.
Using Eq. (3), the isomorphism m Y , can be defined as
Morphing transformations in multi-directions can be easily obtained from composition of unidirectional isomorphisms
where m X , m Y and m Z are unidirectional isomorphisms.
Mesh morphing in Polar coordinates
The 2D unidirectional mesh morphing linear transformation defined in Eq. 
The rule of composition also applies, for a multidirectional polar morphing transformation composed of unidirectional isomorphisms
Meshing of defects with in-plane fiber waviness
Cartesian and polar linear mesh morphing techniques were used to generate a circular local mesh with in-plane waviness around a void. The resin-rich area typically observed in the CT scans around the air pocket is also represented. Each ply is modeled as a separate layer. The source mesh for the elements representing the composite material is built from two structured and oriented half circle meshes, as illustrated in Figure 7 . A symmetric mesh is shown in Figure 7 for simplicity. 2D linear Cartesian mesh morphing is applied to generate a target mesh that follows the boundaries of the resin-rich area.
The mesh for the resin-rich region is obtained from linear polar morphing of a regular ring mesh, as shown in Figure 7 .
Note that the polar morphing for the resin-rich area is composed of two 2D unidirectional isomorphisms, as defined in Eq. (7). First, a -transformation is applied for the angular coordinates of the nodes at the interface between composite material and resin area. Then, a radial isomorphism is applied to superimpose the external and internal boundaries of the resin-rich area with the composite material and the shape of the air pocket, respectively. Nodes at the interface between the resin and composite material can then be merged. Boundaries for the air pocket and the composite material are extracted as a set of points from the CT data and used to generate continuous boundary spline functions f' and r' for the target mesh, as defined previously in Eqs. (4) and (6).
As illustrated in Figure 7 , using regular hexahedral elements for the source mesh allows generating a target mesh with elements oriented along the fiber direction. Element edges can then be used to assign local material orientation. Nodal coordinates extracted using Python scripting in the ABAQUS CAE are used to define element-local discrete orientation based on element edges. Local material orientations around the defect with in-plane fiber waviness are illustrated in Figure 8 where arrows represent fiber direction.
Note that a coarse mesh has been used in Figure 8 for visualization purposes only.
Also, an additional constraint was applied during the mesh morphing transformation in order to limit the in-plane waviness to a certain area, based on measurements in CT data.
Ply layers are assembled by surface-based tie constraints to build the local sub-model, as shown in Figure 9 .
Meshing of defects with out-of-plane waviness
Mesh morphing was also used to generate local meshes for the defects with out-ofplane waviness. Typical source and target meshes for one ply layer of composite material, and the associated resin-rich area, are illustrated in Figure 10 .
As shown in Figure 11 , ply layers are assembled to build the final local FE mesh of the defect. Interface nodes are merged for layers with the same mesh discretization. Tied constraints are applied to layer groups with incompatible meshes. This allows using more refined mesh in the area close to a defect as illustrated in Figure 11 . Element faces are used to compute the discrete field that defines the local orientation for the out-of-plane waviness.
Flapping Specimen Tests and Predictions

Predictions of static failure in the defect-free specimen
The global FE model was used for prediction of delamination failure in the 68-plies where 1 refers to the fiber direction, 2 the transverse direction and 3 the laminate thickness direction. Contour plot of the LaRC04 failure index at 5640 lbs is shown in Figure 13 for specimen 1, which corresponds to the initiation of delamination failure.
The onset of failure is predicted next to the bolted holes, at the 10 th interface between 0-plies and ±45-plies and below the mid-thickness of the specimen. It is worth noting that the contour plots in Figures 12 and 13 are generated using interlaminar stress calculated at element integration points.
Stress results calculated at element integration points are compared with predictions using the interlaminar stress recovery procedure. Figure 14 shows the LaRC04 failure index at failure load at critical ply interfaces, for both integration point and stress- 
Failure prediction using the local model
A local FE mesh is built for the most critical seeded defect in IM7/8552 flapping specimen 2. The specimen was quasi-statically loaded to failure using the same test procedure than defect-free specimen 1. The critical defect is selected as the closest seeded defect to the area with interlaminar shear stress concentrations, as shown in Figure   12 . Location of the defect is determined from the CT data. The CT data also provides with boundary points for the air pocket/resin-rich area and resin-rich area/composite material interfaces. The dimensions of the ply-waviness area are also determined from CT measurements. Mesh-morphing technics are used to automatically build a local FE sub-model of the defect.
Only out-of-plane waviness is considered, as the effects of in-plane loading in the global model were found negligible compared to the effects of out-of-plane loading. Figure 15 shows a cross-sectional view of the global mesh with embedded local mesh including out-of-plane waviness around the critical porosity defect.
A failure load of 5050 lbs is predicted using the local model and the LaRC04 failure criteria. Figure 16 shows the through-the-thickness contour plot of LaRC04 failure 
Conclusions
This work presented results of the feasibility assessment of transitioning knowledge acquired at the material scale, to larger structural elements. In particular the authors demonstrated that (1) accurate three-dimensional non-destructive measurement of porosity/voids defects based on X-ray CT technology can be successfully transferred to local finite element models of the specimens including void locations, sizes and shapes, and in-plane and out-of-plane ply waviness; and (2) structural analysis models built by automatic transition of the defect information into a finite element mesh lead to accurate characterization of the effects of defects under static and fatigue loading conditions. Outof-plane fiber waviness due to composite plies moving around the voids was found especially important in virtual test simulations. Predicted stress concentrations due to out-of-plane waviness resulted in excellent correlations in failure loads (for static loading) and cycles to failure (in fatigue) and accurate prediction of the failure locations.
High-resolution CT-based non-destructive inspection enabling the shift to 3D measurement of defect locations and sizes in composite structure, allows for better understanding of failure mechanisms due to effects of manufacturing defects. We conclude that accurate numerical predictions of static and fatigue failure in structural elements are feasible provided that the structure of manufacturing defects is adequately represented in the computational model. List of Figures   Fig. 1 . Test setups and global finite element model of a flapping element. 
